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a  b  s  t  r  a  c  t

SOFC  anodic  cermets  with  varying  Ni concentrations  have  been  studied  in terms  of  electric  percolation
and  electrochemical  activity.  Serial  sectioning  using  focused  ion beam-scanning  electron  microscopy
(FIB-SEM)  has  been  implemented  to reconstruct  the  three-dimensional  microstructure.  A  Passive  Voltage
Contrast  technique  has  also been  used  to evaluate  the  degree  of  percolation  of  the  electrically  conducting
phase  (Ni)  in  the  Ni-YSZ  cermets.  Volumetric  ratios,  connectivity  of  the  phases  and  effective  electrical
conductivity  have  been  estimated  to establish  a relation  between  the  volumetric  ratio  of  Ni  and  the
eywords:
IB
omography
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ercolation threshold
ortuosity
ffective properties

electrical  conductivity.  These  results  were  then  correlated  with  experimental  measurements.  From  the
3D  reconstructions,  interface  features  (interface  and  surface  areas,  three-phase  boundary  length:  TPBL)
and  ionic  effective  conductivities  have  been  compared,  enabling  a characterization  of  the  electrochemical
activity  of  the  samples.  After reduction  of  the  initial  NiO,  40:60  vol.%  Ni:YSZ  appeared  to  be the optimal
composition,  providing  an anode  with  high  electronic  conductivity  and  the  largest  active  TPBL.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

A  solid-oxide fuel cell (SOFC) is an all-solid device that produces
lectricity directly by oxidizing a fuel. It represents a potential
reakthrough technology for a low-cost, clean and highly efficient
roduction of electricity and heat [1].  Redox reactions occur in the

nternal SOFC electrodes that are composed of porous materials.
onsequently, the microstructure of the electrode is likely to affect
he electrochemical activity of an SOFC electrode. Advanced fuel-
ell electrodes typically have complex internal microstructures that
rovide the necessary conditions for gas diffusion and electrochem-

cal reactions.
Ni-yttria stabilized zirconia (Ni-YSZ) cermets have found exten-

ive use as SOFC anodes due to their high electrochemical catalytic
ctivity towards hydrogen oxidation, high electrical conductiv-
ty and chemical stability. Moreover, Ni-YSZ anodes present good
hermo-mechanical and sintering compatibilities with many elec-

rolyte materials, which are often YSZ. The Ni-YSZ cermets used for
OFC anodes usually have a volume fraction of solid Ni in the range
0–70% [2].  However, due to a large discrepancy of the thermal

∗ Corresponding author. Tel.: +33 247344193; fax: +33 247345174.
E-mail address: eric.bruneton@cea.fr (E. Bruneton).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.07.010
expansion coefficient (TEC) of Ni (TEC: 1.69 × 10−5 K−1) and 8 mol%
yttria stabilized zirconia (8YSZ) (TEC: 1.05 × 10−5 K−1) [3],  the Ni
content is critical to the mechanical and microstructural stability
of Ni-YSZ cermets. For example, the most predominant microstruc-
tural change facilitating the degradation of Ni-YSZ anodes is the
agglomeration and coarsening of the Ni phase, which increases with
a higher Ni content [4].  Consequently, if one could retain sufficient
electrical conductivity at a reduced nickel content, this might lower
the deleterious effects of thermal mismatch and coarsening of the
Ni phase. However, reducing the solid Ni content to a volume frac-
tion below 35–40% results in a non-percolating Ni network and
therefore in a severely diminished electrical conductivity of Ni-YSZ
anodes [5–7].

In a simple metal–insulator transition system, the Effective
Medium Percolation Theory (EMPT) predicts that the electronic
conductivity threshold occurs when the transition system has a
metal concentration of 33.3 vol% [8].  The EMPT considers the over-
all conductivity of a random mixture of particles that display two
different conductivities under the assumption that the inhomoge-
neous surrounding of a particle can be replaced by an effective

medium. The percolation threshold value (33.3%) is then inde-
pendent of the microstructure of the material. Even if the EMPT
reproduces the electrical continuity/discontinuity transition, no
general theory exists that perfectly matches the experimental

dx.doi.org/10.1016/j.jpowsour.2011.07.010
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:eric.bruneton@cea.fr
dx.doi.org/10.1016/j.jpowsour.2011.07.010
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Fig. 1. (a) Schematic illustration of the charge contrast mechanism: For primary electron beam energy of Eexp, the conductive phases (percolating Ni) appear bright on the SE
image  while the insulated phases (non-percolating Ni) appear dark. (b) Illustration of the results from Monte Carlo calculations of backscatter coefficients for Ni and 8YSZ as
a  function of the acceleration voltage. (c) Analysis procedure of the PVC technique: the Z-contrast image (1) allows to separate pores, 8YSZ and Ni phases respectively in dark,
grey  and white in (2,3). The percolating Ni phase (in green in (5)) is extracted from the charge image (4), and the subtraction between (3) and (5) leads to the binary plane of
the  non-percolating phase (in red in (6)). The non-percolating Ni is also highlighted in (4) by red arrows. (7) Combines the segmented phases (2), (5) and (6) separating pores
(black),  8YSZ (grey), percolating Ni (green) and non-percolating Ni (red). The scale bar is the same in the seven images and is displayed at the top of (7). (For interpretation
of  the references to color in this figure legend, the reader is referred to the web version of the article.)

F
o
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ig. 2. Main steps of the 3D reconstruction using the FIB tomography technique: (a) Pro
ptimization of the SEM imaging parameters to obtain high contrast between the three p
f  the SEM images to obtain a 3D image.
tective Pt deposition, (b and c) milling of a trench around the area of interest, (d)
hases, (e and f) successive milling and imaging steps, alignment and concatenation
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Table 1
Anode composition and size of the five 3D reconstructed volumes.

Sample A1 A2 A3 A4 A5

Composition: NiO wt.% 45 51 54 56 61
3D  reconstruction size (�m)

X 9.12 8.88 9.60 8.64 9.04
Y  6.56 9.92 7.68 9.76 9.44
Z  5.84 7.20 9.32 11.36 8.24
N. Vivet et al. / Journal of Pow

ercolation threshold since this is affected by several factors includ-
ng the size of the starting powders, the size ratio of particles, the
article distribution, the porosity, and the pore size of the cermet
9].

Moreover, in order to provide a reliable value of the percolation
hreshold, the Ni volume fraction must be calculated accurately.
espite this, the Ni volume fractions have up until now either
een deduced from the initial fabrication parameters, or esti-
ated through SEM images. Since 2006, FIB-SEM tomography has

ppeared as a powerful technique to provide a 3D analysis of
OFC electrodes including the volumetric fraction and connec-
ivity of each phase [10–23].  For example, in a previous paper
24], we described the optimization of the process for obtaining

 high-quality 3D reconstruction of a Ni-YSZ anode using FIB-SEM
omography. Various microstructural parameters (volume fraction,
onnectivity of the phases), interfacial features (surface area and
PBL), effective conductivities (thermal, electronic and ionic) and
ortuosity of the solid phases have been estimated.

Thyden et al. have reported on a passive voltage contrast (PVC)
echnique to visualize the degree of percolation of the electrically
onducting phase (Ni) in uncoated Ni-YSZ cermets by low volt-
ge SEM [25]. This efficient technique provides a 2D visualization
image) of a 3D phenomenon (electrical conductivity). For this pur-
ose, lateral and inlens secondary electron (SE) detectors of a field
mission SEM with low acceleration voltage have been used. The
nalysis of the SEM images obtained by the two contrast tech-
iques has led to the determination of the surface fraction of each
omponent: pores/YSZ/percolating Ni/non-percolating Ni.

In the present study, both FIB-SEM tomography and PVC tech-
iques have been used to compare five Ni-YSZ anodes with different
olumetric Ni ratio. The real volumetric ratios and connectivities
f the phases have been determined using a method described
lsewhere [24]. The effective electrical conductivity has been esti-
ated as a function of the Ni percolation. These results were

hen correlated with experimental measurements of the electri-
al conductivity providing relationships between microstructure
nd electrical performance. Interface features (interface and sur-
ace areas, TPBL), tortuosity of the Ni phase, and effective ionic
onductivities have also been compared as a function of the anode
omposition.

. Experimental

.1. Samples

The deposition of NiO–8YSZ anodes with three-layer coatings
as performed by screen-printing onto circular zirconia supports
sing inks with optimized compositions. NiO from J.T. Baker (USA)
nd 8YSZ from Tosoh (Japan) were employed as raw materials to
repare the NiO–8YSZ at different Ni volume ratios. Technical data
rom suppliers and lab characterizations have already been given
24].

First of all, in order to prepare composite powders with different
iO ratios (i.e., 45, 51, 54, 56 and 61 wt.%), the raw materials were
eighed and ball-milled in ethanol for 18 h. Next, the solvent was

vaporated for 24 h at 90 ◦C. After cooling, and to prevent agglom-
rate formation, a 200 �m screening led to a NiO–8YSZ composite
owder with the desired Ni ratio.

Anode inks were prepared by mixing NiO–8YSZ powder with
lpha-terpiniol and Nextech ink as the solvent and the medium
espectively and with alkyl ether phosphate acid as dispersant.

ompositions of samples A1 through A5 are listed Table 1. After
ixing and grinding the anode inks for 15 min, the ink was screen-

rinted onto circular zirconia supports through PET1000 screens.
he first layer of the anode ink was dried in an oven for 20 min  at
100 ◦C. A second and a third layer of the same anode composition
were subsequently screen-printed onto the first layer. This experi-
mental procedure was applied for each anode listed in Table 1. The
electrodes were fired at 1300 ◦C for 3 h. The reduction treatment
was performed at 800 ◦C for 4 h using a 2 ◦C min−1 ramp rate in
Ar–H2 (2 vol.%, 0.5 l min−1 for H2).

2.2. Passive voltage contrast (PVC) technique

The PVC technique is performed with a SEM at low voltage
and renders it possible to detect phases with different electrical
conductivities [25]. Indeed, if the primary electron beam energy
is below approximately 2 kV, the number of emitted electrons
(SE + backscattered electrons, BSE) may be larger than the number
of primary electrons reaching the specimen (Fig. 1(a)). As a conse-
quence, a net positive charge accumulates at the surface, and the
lowest-energy SE emitted may  be attracted back to the specimen
because of the positive potential attraction. If a low voltage primary
beam interacts with a non-conductive part of a sample, a positive
charge without a path to the substrate accumulates on the speci-
men  surface. Since the number of emitted electrons is lower than
the incident ones, this part of the sample will appear darker than the
conductive part (Fig. 1(a)). The contrast on the SEM images will be
highly dependent on the conductive state. These “charge images”
are better highlighted by an inlens detector located at a shorter
distance from the sample than a conventional lateral detector [25].

In order to determine the fraction of each component (pores;
8YSZ; percolating Ni and non-percolating Ni), a “Z-contrast image”
separating pores, 8YSZ and Ni was  first acquired and then correlated
to the corresponding “charge image”. As illustrated in Fig. 1(b), the
difference between the backscatter coefficients (�) of Ni and 8YSZ
was at a maximum for an accelerating voltage smaller than 1 kV
as shown by Monte Carlo calculations [26]. The difference in � can
be detected by a backscatter detector (efficient at low voltage) or
directly by a lateral SE detector leading to the “Z-contrast image”.

The sample preparation is a key parameter for the quality of the
SEM images. In order to easily distinguish the pores and to avoid
mistakes due to the depth of field, the samples were infiltrated with
an epoxy resin (EPOFIX, Struers) under vacuum and then polished.
The samples were not coated with a conductive layer so as to allow
the detection of the charge contrast. They were finally grounded to
the sample stage in the microscope via a copper tape.

The microscope used in this work was a Hitachi S4500. A lateral
SE detector was used to record the “Z-contrast image” (Fig. 1(c))
with: an acceleration voltage V = 0.6 kV, a working distance (WD) of
16 mm and a frame scan speed of 20 s by frame. To achieve the opti-
mal  contrast between percolating (bright) and non-percolating Ni
(dark) areas (Fig. 1(c)), an inlens detector was  utilized. The optimum
acquisition conditions were determined as: V = 0.6 kV, WD = 5 mm
and the scan speed: 20 s by frame. The previous two SEM images
were then superimposed, aligned and submitted to a basic image

segmentation (Avizo software [27]) in order to analyze the pores,
8YSZ, the conductive Ni and the non-conductive Ni.
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Table 2
Volume fraction and percolation fraction deduced from the analysis of the 3D reconstructions. The standard deviation values were calculated from the variation in surface
area  in each slice in the three main directions (X, Y, Z). The percolation fraction of a phase was defined as the ratio of its percolated volume to its total volume.

Sample A1 A2 A3 A4 A5

Pore Volume fraction (%) 35 36 39 41 48
Standard deviations (X,Y,Z) 4 4 2 3 3 3 3 3 3 2 2 4 3 3 5
Pore  percolation (%) 98.9 99.6 99.5 99.8 99.7

8YSZ Volume  fraction (%) 50 48 35 33 22
Standard deviations (X,Y,Z) 4 6 4 5 4 5 5 4 3 2 4 5 3 3 3
8YSZ  percolation (%) 99.9 99.8 99.1 99.2 96.7

Ni Volume fraction (%) 15 16 26 26 30
Solid volume fraction (%) 23 25 43 44 58
Standard deviations (X,Y,Z) 3 5 3 3 2 3 6 5 4 3 3 5 3 5 4
Ni  percolation (%) 0 0 88.6 87.1 97.4

Table 3
Electronic and ionic conductivities of pores, 8YSZ and Ni at 1123 K and RT.

Pores 8YSZ Ni
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�electronic (S cm−1) at RT 0 

.3. FIB tomography

A dual-beam FIB-SEM (FEI Strata DB 400-S) was  utilized to
btain the 3D reconstructions of the 5 samples as previously
escribed [24]. The samples were infiltrated with epoxy resin,
hinned, glued onto a stub and finally metalized with a thick
onducting gold layer. Then, a thick Pt layer was deposited to pro-
ect the region of interest (ROI) before wide and deep trenches
ere milled. As discussed in our previous work, a drift correction
rocedure was used to keep a constant interslice value. The acqui-
ition data process is outlined in Fig. 2. Between 60 and 115 SEM
mages were, depending on the sample, recorded with a spacing
f 100 nm between each slice. The sizes of the 3D reconstruction
re given in Table 2. The datasets have been resampled to obtain
0 nm × 10 nm × 10 nm cubic voxels.

The volume fractions (i.e., the fraction of Ni, 8YSZ and pores
ith respect to these three phases) were estimated by using a

oxel counting routine. The solid volume fractions of Ni and 8YSZ
i.e., the fraction of Ni and 8YSZ with respect to the solid Ni
nd 8YSZ phases) were defined as: VNi,sol = V′

Ni/(V′
Ni + V′

8YSZ) and
YSZ,sol = V′

8YSZ/(V′
Ni + V′

8YSZ), for the Ni and 8YSZ phases, respec-
ively, where the V′ terms correspond to the measured volumes
rom 3D images analysis.

Voxels of the same nature in contact were regrouped to form
lusters. A cluster was defined as “percolated” only if it was con-
ected to the six boundary faces of the volume. The surface areas
f each phase and the interface areas were estimated by counting
he number of voxels that were in contact with at least one voxel

f different nature. These values were then normalized to the sam-
le volume to obtain the specific surface area (SSA) and specific

nterface area (SIA) values (in �m2 �m−3).

able 4
urface area fraction of each phase deduced from the PVC analysis. The percolation
raction of the Ni phase was  defined as the ratio of the percolated Ni surface area
raction to the total Ni surface area fraction.

Sample A1 A2 A3 A4 A5

Pores (surface area, %) 33 33 37 40 42
8YSZ (surface area, %) 55 53 33 31 24
Ni  (surface area, %) 12 14 30 29 34
Percolated Ni (surface area, %) 0 0 25 23 30
Non-percolating Ni (surface area, %) 12 14 5 6 4
Percolated Ni fraction (%) 0 0 83 79 88
14 [8] 10 [6]
10−6 [6] 104 [6]
6 × 10−3 [32] 1.5 × 105 [32]

The surface to volume ratio (SVR) of each phase was  obtained
by normalizing the surface area values by the phase volume. The
TPBL (in �m �m−3) was estimated with the classical edge segment
length technique with normalization to the sample volume. A TPB
was defined as “active” when it belongs to percolating Ni, YSZ and
porous phases. The effective electronic and ionic conductivities
have been estimated by solving the diffusive transport equation
[28–31]. Finally, the tortuosity of the Ni phase was  deduced from
these results. The calculation of the effective conductivities was  car-
ried out with the elemental conductivities obtained from literature
and presented in Table 3.

3. Results

The above-mentioned characterization methods were applied
to the five Ni-8YSZ cermets with different initial volumetric NiO
ratios. The volume fraction and connectivity as well as the elec-
trical conductivity were investigated first. Next, the SSA, the SIA,
the SVR and the TPBL were estimated. Finally, the effective ionic
conductivity was  calculated.

3.1. Volume fraction and connectivity of the phases

The five volumes reconstructed by FIB-SEM tomography are
presented in Fig. 3(a). The corresponding phase ratios, taking into
account either the three phases or only the solid ones, are listed
in Table 2. As expected, from the sample A1 to the sample A5, the
pore and the Ni fractions increased – due to NiO reduction – while
that of 8YSZ decreased. Table 2 also suggests that even though the
starting composition was  somewhat different, the samples A1 and
A2 as well as the samples A3 and A4 had comparable compositions.

The procedure for quantifying the connectivity described above
(see Section 2.3) was  applied for each phase (Table 2). Regardless
of the sample, the percolated fraction was about 100% for the pores
and 8YSZ, indicating that these phases were almost totally perco-
lated. For the Ni phase, the percolated fraction was  null for the
samples A1 and A2 while it was  very high for the other samples.
Fig. 3(b) shows non-percolated Ni clusters in the samples A1 and
A2 and quasi-completely percolated ones in the samples A3, A4 and

A5.

The images acquired with the SE lateral detector provided a
good separation between pores (darker contrast), 8YSZ (interme-
diate contrast) and Ni (brighter contrast) as observed in Fig. 1(c) for
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ig. 3. (a) Reconstructed 3D anode microstructures (Ni: yellow, 8YSZ: blue, Pore: t
b)  The corresponding Ni phase of each sample illustrates that Ni particles are not p
4  and A5. (For interpretation of the references to color in this figure legend, the re

he sample A5. The calculated area fractions (Table 4 and Fig. 4(a))
id not exactly match the volume fractions calculated from the 3D
IB-SEM reconstructions (see Table 2). The standard deviation val-
es associated with the volume fractions, obtained considering the
raction of the phases on each slice of the reconstructed volume in
he three directions x, y, z, were in the range 2–6% (see Table 2).
hese high values explain the differences observed between the
urface fractions deduced from 2D analysis and those calculated
rom the 3D reconstruction.

Fig. 4(b) presents typical SEM “charged images” for each sample
ecorded with the inlens detector. For NiO ratios equal to 45 and
1% corresponding to Ni solid volume ratios of 23 and 25% (samples
1 and A2), all the Ni particles appeared dark, indicating that none

f them participated in electrical conduction. For higher NiO ratios
f 54, 56 and 61% (samples A3, A4 and A5), a majority of the Ni

ig. 4. (a) Percolating and non-percolating Ni fraction deduced from the FIB-SEM tomogr
he  inlens SE detector: for samples A1 and A2, the Ni phase is not percolated (dark), whil
ach  image corresponds to 5 �m.  (For interpretation of the references to color in this figu
arent). A common volume size was fixed allowing the comparison of the samples.
ated in samples A1 and A2 while they are almost totally percolated in samples A3,
s referred to the web version of the article.)

particles appeared bright, suggesting that they were percolated and
conducting.

The combination between the two kinds of images (“Z-contrast”
and “charge” images) rendered it possible to obtain the percolated
Ni and non-percolated Ni ratios. These treatments were applied on
at least five images for each sample and the results are presented
in Table 4 and in Fig. 4(a) for comparison with the FIB-SEM tomog-
raphy analysis. As the NiO wt.% fraction jumped from 51 to 54, the
corresponding Ni particles suddenly percolated, suggesting that an
anode with these ratios became an electronic conductor. For values
of NiO wt.% between 51 and 54, the fraction of percolating Ni par-
ticles varied from 0 to more than 79%. This signifies that the initial
NiO concentration must be accurately chosen to optimize the Ni

ratio in the anode. If the Ni ratio is too high, the agglomeration of
the Ni particles can further lead to electrode degradation and if it is

aphy and the PVC technique for the five samples. (b) Charge images recorded with
e for samples A3 to A5, it is almost totally percolated (bright). The red-scale-bar in
re legend, the reader is referred to the web version of the article.)
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Fig. 5. Ni volume ratio in the X, Y and Z directions for sample A3 (a) A4 (b) and A5 (c).
994 N. Vivet et al. / Journal of Pow

oo small the electronic conductivity can be too low or even equal
o zero.

These results are in good accordance with those obtained by FIB-
EM tomography, which also pointed at a percolation threshold of
he Ni particles for an initial NiO weight percentage between 51 and
4, corresponding in the FIB-SEM 3D images to Ni vol.% values com-
rised between 16 and 26%. This result agrees very well with the

iterature, since it has been established that if the Ni volume fraction
n the cermet (Ni-8YSZ) is below 16%, the Ni clusters are systemat-
cally isolated from one another and cannot sinter together to form

 percolating network [32].

.2. Electrical and ionic conductivities

Experimental four-point electrical conductivity measurements
ere performed at room temperature (RT) on the anode surface

or the five samples. Samples A1 and A2 gave conductivities too
ow to be measured while samples A3, A4 and A5 led to values of
37, 298 and 573 S cm−1, respectively. As presented in our previous
ork [24], the effective electronic conductivity can be estimated

hrough the resolution of the diffusive transport equation by using
lemental conductivities taken from the literature (Table 3). For
he samples A1 and A2 – since the Ni particles were not percolated,
nd the electronic conductivity of 8YSZ and of the gas diffusing in
he pores was very small (see Table 3) – the effective electronic
onductivity was negligible (<10−1 S cm−1).

The results obtained for the samples A3, A4 and A5 are given in
able 5. One should notice that the experimental values were one
rder of magnitude smaller than the calculated effective electrical
onductivities. These differences can be explained on the one hand
y the experimental difficulties when it comes to creating good
hysical contacts between the four probes and the anode surface,
hich leads to a additional electrode-sample interface resistance

33], and on the other hand, the chosen Ni electrical conductivity
alue (1.5 × 105 S cm−1 at RT, see Table 3) used for the effective
lectrical conductivity calculation being debatable.

Indeed, Marinsek et al. [7] investigated the electrical proper-
ies of a series of Ni-YSZ cermets with different Ni volume fractions
from 0 to 100%). For the 100 vol.% Ni sample, the experimental elec-
ronic conductivity was close to 190 S cm−1 at 1123 K and therefore
ne order of magnitude smaller than the 104 S cm−1 value gen-
rally reported in the literature for Ni at this temperature (see
able 3). These large discrepancies can originate from the differ-
nces of microstructure between the Ni used here as reference and
he real Ni inside the electrode.

For the samples A3, A4 and A5, the effective electronic conduc-
ivities �electronic, increased with the Ni concentration and appeared
ighly anisotropic. Since the direction of the anisotropy was not the
ame in the three samples, it was no easy task to make correlations
ith the preparation process. The volume fraction as determined

n Section 3.1 was an important factor for explaining the increase
n electrical conductivity between A3, A4 and A5 but a significant
ocal variation was crucial and could physically correspond to an
lectrical resistance. In order to interpret the observed anisotropy
n terms of microstructural considerations, the distribution of the
ercolated Ni inside the volume particles was considered. Fig. 5
isplays the variation of the Ni surface fraction on each slice, sep-
rated by the voxel size (10 nm), in the three directions (X, Y, Z)
or the three considered samples. Indeed, for distributions exhibit-
ng a saw-edged behavior, the corresponding �electronic was  always
maller than the ones calculated in the other directions. In sample
3, the oscillations of the curves were the most marked for the X

irection. As a result, the �electronic value was the lowest compared
ith its counterparts in the Y and Z directions. Based on the same

ssumption, �electronic was the lowest in the Z direction for A4 and
n the Y direction for A5. Consequently, not only the Ni volume frac-
These graphs give information not only on the “absolute” Ni volume fraction value
but also on its local variation. The distributions exhibiting a saw-edged behavior
(A3–X;  A4–Y; A5–Z) lead systematically to a lower �electronic value.

tion plays an important role in the electrical behavior, but also the
local Ni distribution.

The directional tortuosity of the Ni phase (�Ni) could be deduced
from the calculated effective electronic conductivity (�electronic), the
Ni volume fraction (εNi) and the elemental electrical conductivity
of Ni (�electronicNi, see Table 3) through the following equation:

�Ni =
√

εNi
�electronicNi

�electronic
(1)

As a result, the large anisotropy in the Ni tortuosity values was
correlated with the anisotropy in �electronic (Table 5). Moreover, the
tortuosity of the Ni particles decreased (in the order from 6 to 2)
as the Ni volume fraction increased. This decrease of the tortuosity
as a function of the volume fraction was  a general tendency, which
has yet to be reported in the literature regardless of the studied
phase (pores, 8YSZ, Ni) [14,34].

From Fig. 6, it is obvious that in the samples studied here, the
percolation threshold was shifted to the lowest Ni volume fraction
values compared to the well know “33.33%” predicted by the EMPT.

According to this theory, the electrical conductivity depended only
on the volume fraction of the electrical conducting phase. More
recently, Wu  and Liu [6] developed a resistor network approach
which only differed from the former by attempting to take into
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Table  5
Effective electronic conductivities at 1123 K and RT for the samples A3, A4 and A5. The tortuosity of the Ni phase was deduced from the effective electronic conductivity
values (see Eq. (1)).

Sample A3 A4 A5
Direction X Y  Z X Y Z X Y Z

�electronic (S cm−1) at 1123 K 124 209 296 281 252 66 561 378 473
�electronic (S cm−1) at RT 1786 3010 4262 4046 3629 950 8078 5443 6811
Tortuosity Ni 4.58 3.53 2.97 3.04 3.18 6.24 2.31 2.82 2.52

Fig. 6. Experimental and effective electronic conductivity at RT as a function of
the Ni volume fraction. The relative positions of the corresponding symbols are
highlighted in the inset of the figure. Since the electrical conductivity of the samples
A1 and A2 were too small to be measured, they were fixed to 10−6 S cm−1 allowing
t
t
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Fig. 7. Electronic conductivity as a function of the volume fraction of solid Ni pre-
dicted by the resistor network approach (Wu  and Liu [6]) for various porosities. The
squares correspond to the experimental electronic conductivity measured at RT.
Since the electrical conductivity of the samples A1 and A2 were too small to be mea-

independent of the initial composition. The values were systemat-

T
S

he  visualization of the experimental percolation threshold. The solid line represents
he prediction of the EMPT, with its well-known percolation threshold at 1/3.

ccount the effect of porosity on the continuity of the conducting
hase. The composite formed of Ni, 8YSZ and pores can be consid-
red as a three-dimensional array of electrical resistors regardless
f the shape and size of particles but assuming that the phases are
andomly and evenly distributed throughout the composite. The
lectrical conductivities, as predicted by this model, are plotted as

 function of the solid in Fig. 7 for various porosity fractions: 0, 0.3,
.4 and 0.5. Without any porosity, the evolution of the electrical
onductivity as a function of the volume fraction of solid Ni was
imilar to the one obtained by the EMPT. For larger porosity frac-
ions, the percolation threshold displayed a shift towards higher
olume fractions of solid Ni and was equal to ((1/3)/1 − porosity).

For the samples studied here, since the pore volume fractions
ere close to 35–40%, the expected value for the Ni percolation

hreshold was somewhere in the vicinity of 50% regarding the
olume fraction of solid Ni (Fig. 7). According to the FIB-SEM experi-
ents, the percolation threshold should be lower than 43% for this

olume fraction. Usually, when preparing SOFC cells, one should
onsider that the initial NiO volume fraction must lead, after reduc-

ion, to a Ni solid volume fraction higher than 33.3% when mixing
ith YSZ. However, Kishimoto et al. have reported that a 50% Ni

olid volume fraction in a Ni-8YSZ cermet did not lead to a perco-

able 6
pecific surface and interface areas (SSA and SIA respectively) and surface-to-volume rati

Samples A1 A2 

SSA
(�m2 �m−3)

Pores 4.59 4.37 

8YSZ  5.21 4.45 

Ni  1.87 2.07 

SIA
(�m2 �m−3)

Pores-8YSZ 3.97 3.37 

Pores-Ni 0.62 1.00 

YSZ-Ni  1.24 1.07 

SVR
(�m2 �m−3)

Pores 13.11 12.14 

8YSZ 10.42  9.27 

Ni  12.47 12.94 
sured, they were fixed to 10−6 S cm−1 allowing the visualization of the experimental
percolation threshold.

lated Ni network [20]. This was  due to a relatively low Ni volume
fraction in the final electrode; close to 25% because of a very large
porosity (about 50%). According to our study, it appeared that the
expected Ni solid volume fraction was insufficient for determin-
ing the percolation threshold and that the porosity ratio, not easily
predictable when mixing the initial solid powders, must be approx-
imately known.

The effective ionic conductivity decreased from about
4 × 10−3 S cm−1 (sample A1, 45 wt.% of NiO or 23% of Ni solid
volume fraction) to 4 × 10−4 S cm−1 (sample A5, 61 wt.% of NiO or
58% of Ni solid volume fraction). In fact, the effective ionic conduc-
tivity varied almost linearly with the 8YSZ content. Moreover, as
the �ionic was  quite isotropic, the distribution of the 8YSZ particles
was likely homogeneous.

3.3. Specific surface area and measurement of TPBL

Regardless of the sample, the SSA of each phase was found to be
ically in the range 2–5 �m2 �m−3: 3–4 �m2 �m−3 for the porous
phase, 3–5 �m2 �m−3 for the 8YSZ phase and about 2 �m2 �m−3

for the Ni phase (Table 6). These results are similar to those reported

o (SVR) of each sample.

A3 A4 A5

3.77 4.21 3.64
3.62 4.37 3.07
2.02 2.85 2.41

2.69 2.87 2.15
1.08 1.35 1.50
0.93 1.50 0.92

9.67 10.27 7.58
10.34 13.24 13.95

7.77 10.96 8.03
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Table 7
Total and active TPBL of each sample.

Sample A1 A2 A3 A4 A5

Total TPBL (�m �m−3) 8.8 9.3 7.5 11.2 7.2
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Active TPBL (�m �m−3) 0 0 4.4 7.4 5.3
Active TPB (%) 0 0 58.5 66.1 73.5

y other authors [14,20].  The SIA – as defined in Section 2.3 –
etween the Ni particles and the pores had a tendency to increase
ith the starting NiO wt.% (from sample A1 to A5), indicating that
ore and more of the Ni surface was in contact with the pores. This

ncrease can benefit the electrochemical reaction yields between
he fuel and the Ni phase, but could also induce an unexpected Ni
xidation (into NiO) in the presence of hot water or oxygen. When
oing from sample A1 to A5, the SVR of the 8YSZ phase slightly
ncreased while that of the porous and Ni phases was  significantly
educed. For the Ni phase, a lowering occurred between sample A2
nd A3, corresponding to the percolation threshold of the Ni par-
icles. This was due to the fact that isolated clusters have larger
urface-to-volume ratios than percolated clusters.

The total TPBL results were in the range 7–11 �m �m−3 with
o significant variation as a function of the Ni content (Table 7).
hese values were close to those reported in the literature when
he same calculation method was used [10–12,17].  For the samples
1 and A2, since the Ni particles were not percolated, the TPB were
lways inactive according to the definition given in Section 2.3. In
he other samples, at least 58% of the TPB were active, with active
PBL values of 4.4, 7.4 and 5.3 �m �m−3 for samples A3, A4 and A5,
espectively (Fig. 8).

The maximal TPBL was obtained for sample A4. Wilson et al. [14]
lso reported results on TPB characteristics for Ni-8YSZ anodes with
arious weight percentages of initial NiO, i.e., 40, 50, 60 and 70 wt.%,
sing FIB-SEM tomography. In their work, the active TPBL increased
etween 40 and 50 NiO wt.%, while it decreased for higher weight
ercentages. The maximal TPBL was obtained for 50 wt.% NiO. These
esults are close to our observations since an optimal initial frac-

ion of NiO powder was pointed out in both cases. However, a slight
ifference between the optimal values existed since the optimal
iO wt.% for the present study was close to 56. For higher NiO per-

ig. 8. Active TPBL as a function of the NiO wt.  fraction and Ni solid volume fraction.
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[

[

[

[
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centages, the number of active TPB decreased as also observed in
the work of Wilson et al. [14] in calculations based on packing of
spherical particles [35–37].

4.  Conclusions

This work has focused on the 3D analysis of a series of Ni-8YSZ
SOFC anodes with various compositions of NiO, ranging from 45
to 61 wt.%. Microstructural parameters (volume fraction, connec-
tivity), interfacial features (specific surface and interface areas and
TPBL) and effective transport properties (mainly electronic since
the variation of Ni is addressed in this study) have been deduced
from the analysis of the 3D reconstructions of the samples obtained
by FIB-SEM tomography. A sudden rise in electrical conductivity,
observed between 16 and 26 Ni vol.%, was  correlated to a perco-
lation threshold of the Ni particles. The PVC technique confirmed
these results since the difference with the analysis arising from
FIB-SEM were small. Moreover, it is not very time-consuming for
sample preparation and treatment, and thus constitutes a power-
ful technique to verify the electrical conductivity or to observe the
modifications induced by aging or redox cycles. The present study
confirms that the percolation of the Ni particles could not occur
for Ni volume fractions smaller than 16%. However, the compari-
son of our results with other reports demonstrated that both the
volume fraction of solid Ni and the porosity were decisive on the
percolation threshold value.

The determination of the surface and interface features suggests
that the Ni specific surface area increased with the NiO wt. frac-
tion and was mostly in contact with the pores rather than with the
8YSZ particles. This increase can benefit the electrochemical reac-
tion yields between the fuel and the Ni phase, but could also induce
an unexpected Ni oxidation (in NiO) in the presence of hot water
or oxygen. The maximum active TPBL was obtained for the sample
characterized by a volume fraction of solid Ni of about 44%. Even if
this value is in good accordance with those published in the liter-
ature (40–50%), it cannot be considered as a universal value since
the optimal active TPBL depends not only on the composition but
also on the microstructure of the electrode (which may  differ as a
result of fabrication precursors and processes).
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